Lactobacilli have been engineered to express a variety of heterologous proteins of interest, including antigens, enzymes, and more recently therapeutic single-chain antibodies and pathogen receptors (5, 8, 12, 30) . Certain features of lactobacilli make them attractive as recombinant protein delivery vehicles. These include their generally regarded as safe (GRAS) status; their presence in dairy, meat, and vegetable food fermentation processes; and their ability to reside naturally and persist on mucosal surfaces where they can exert certain beneficial effects to the host.
A number of protein expression and targeting systems in lactobacilli have been developed which allow accumulation of the protein either intracellularly, anchored to the cell surface, or in the extracellular environment. Protein secretion and surface anchoring systems rely on the utilization of functional elements of extracellular proteins to efficiently secrete and/or anchor the heterologous protein to the cell surface. The majority of extracellular proteins in gram-positive bacteria are at some stage anchored to the cell wall either via covalent or noncovalent cell wall binding domains. Covalent attachment to the cell wall or cytoplasmic membrane occurs via the carboxyterminal LPXTG-type or amino-terminal LXXC sorting signals, respectively (18) . Noncovalent attachment to the cell wall or cell wall components occurs either via specific repetitive LysM, YG, or choline-binding GW or S-layer homology domains (3, 7, 18) or via nonspecific cationic domains (2, 31) . Varying amounts of both covalent and noncovalent surface anchored proteins may be released into the environment due to cell wall turnover, cell lysis, or proteolytic events (4, 21, 23, 24) .
Our research is geared towards the development of heterologous protein expression systems using the targeting regions of native lactobacilli surface proteins. Our model organism is Lactobacillus fermentum BR11, which is a vaginal tract isolate of a guinea pig that has been shown to be amenable to genetic manipulation (25) . Members of the L. fermentum-Lactobacillus reuteri group are commonly found inhabitants of mucosal surfaces of mammals and are one of the predominant Lactobacillus species found in the intestines of humans. To date, we have characterized a number of different surface proteins from L. fermentum BR11 and tested them as heterologous protein fusion partners. These include the noncovalently anchored cystine binding surface protein, BspA, and the covalently anchored LPXTG-containing proteins Mlp and Rlp (10, 29, 30, 32) . Here we report the identification and characterization of a novel abundant small exported protein (Sep) from L. fermen-tum BR11. This protein was found in the supernatant as well as being associated with cell surface of L. fermentum BR11. Sep was shown to be useful as a heterologous peptide fusion partner in L. fermentum BR11, Lactobacillus rhamnosus GG, and Lactococcus lactis MG1363.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. L. fermentum BR11 and L. rhamnosus GG (ATCC 53103) were grown on solid MRS medium (Oxoid, Basingstoke, United Kingdom) anaerobically or in standing liquid culture tubes. L. lactis MG1363 was grown at 30°C in M17 medium (Oxoid, Basingstoke, United Kingdom) supplemented with 0.5% (wt/vol) glucose (GM17). Escherichia coli JM109 was used in molecular cloning experiments. Ampicillin was used at a concentration of 100 or 200 g per ml for E. coli, while erythromycin was used at concentrations of 500 to 750 g per ml for E. coli, 10 g per ml for L. fermentum and L. rhamnosus, and 5 g per ml for L. lactis. Expression cassettes were introduced into L. fermentum using pJRS233 (20) or into L. rhamnosus and L. lactis using pGh9:ISS1 (14) . Plasmids pUC18, pBluescript II (KS) and pGEM3zf were used for routine cloning.
N-terminal sequencing of Sep. Proteins from the supernatant fraction of L. fermentum BR11 broth culture were concentrated using ice-cold 5% trichloroacetic acid and were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). They were then electroblotted to an Immobilon-P SQ membrane (Millipore) similarly to that previously described (15) , and the band corresponding to Sep was sequenced with a 470a protein sequencer (Applied Biosystems).
PCR amplification, cloning, and DNA sequencing of sep. A degenerate oligonucleotide based on the N-terminal sequence of Sep was designed (Bam-N-term) ( Table 1) . This oligonucleotide was used in combination with an oligonucleotide specific for the pUC18 multiple cloning site (pUC-Bam) in a PCR using a plasmid preparation of the L. fermentum BR11 pUC18 genomic library as a template similarly to that described previously (30) . Expand long-template polymerase was used according to manufacturer's instructions (Roche). The amplified products were cloned into pBluescript II KS (Stratagene) and sequenced. The sequence of a clone containing DNA encoding amino acids matching all of the Sep N-terminal sequence was used to design an oligonucleotide to obtain the sequence of the sep 5Ј end and upstream region (AcmA-N-term). This oligonucleotide was used with pUC-Bam to amplify the L. fermentum BR11 pUC18 library and clone DNA upstream of sep. Finally the 1,463-bp DNA sequence of the sep locus was obtained by sequencing from a PCR product amplified using genomic DNA isolated from L. fermentum BR11 using oligonucleotides (SepUS-PCR and SepDS-PCR). To identify domains in Sep, its sequence was compared with sequences in the NCBI Conserved Domain Database (version 1.62) (http: //www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml), which contains a collection of functional and/or structural domains derived from two sources, Smart and Pfam.
Transformation of L. fermentum, L. rhamnosus, and L. lactis with plasmids. Transformation of L. fermentum and L. rhamnosus was done using penicillin as a cell wall-weakening agent at concentrations of 1.25 or 10 g per ml, respectively, as described previously (16, 25) . L. lactis was transformed using 1% glycine as a cell wall-weakening agent as described previously (9) , except that transformants were selected directly on GM17 plates containing erythromycin at 5 g per ml. L. lactis transformants (containing pGh9:ISS1 derivatives) were grown at 30°C while L. rhamnosus transformants (containing pGh9:ISS1 derivatives) were grown on plates at 30°C and in liquid at 30 or 37°C. pJRS233 plasmid derivatives integrated into the chromosome of L. fermentum were selected for by incubation at 40°C in the presence of erythromycin.
Construction of Sep expression cassettes. The first construct (Sep-6xHis-Sep) consists of DNA upstream of sep and the sep 5Ј region encoding the secretion signal and a six-histidine (His 6 ) epitope (amplified and cloned using Nterm-USXba and Nterm-Pst-US) and DNA encoding the mature Sep protein and the putative sep transcription terminator (amplified and cloned using SepDS-PstXho and SepDS-ApaSal). The second construct (BspA-6xHis-Sep) consists of DNA encoding the mature Sep protein and putative sep transcription terminator as described above but instead contains upstream DNA encoding a full-length BspA protein followed by DNA encoding the BspA secretion signal and a His 6 epitope as described previously (30) . The full-length bspA gene is required to allow integration of the expression cassette downstream of the bspA promoter (30) . These expression cassettes were constructed in pBluescript II and then cloned into the XbaI-and SalI-digested pJRS233. The Sep-6xHis-Sep construct in pBluescript II was also digested with SalI and cloned into XhoI-digested pGh9:ISS1. Note that all the modified pGh9:ISS1 plasmids used in this study contain both the expression construct as well as the full pBluescript II plasmid thereby allowing it to replicate in E. coli at 37°C.
Construction of E-cadherin expression cassettes. The region encoding the amino-terminal 1 to 216 amino acids of the mature E-cadherin protein was amplified by PCR from cDNA template prepared from cultured mammalian T47D and LNCap cells using oligonucleotides E-cad-PstI and E-cad-XhoI. This fragment was cloned in frame downstream of DNA encoding either the Sep or BspA secretion signals to generate constructs Sep-6xHis-Ecad and BspA-6xHis-Ecad, respectively. The sequence of the cloned E-cadherin DNA fragment which contained an introduced stop codon after codon 216 was checked by DNA sequencing. The putative bspA transcription terminator was amplified using oligonucleotides Term-Xho and Term-Hind (30) and cloned downstream of the E-cadherin encoding DNA.
Cell fractionation, protein extraction, Western blot analysis, and cell surface display assay. Cell extracts were prepared from late-exponential-or early-stationary-phase cultures, while supernatants were taken from late-exponentialphase cultures. Two different whole-cell protein extraction methods which involved either boiling cells in 2ϫ SDS-PAGE loading buffer (26) or sonication were used as described previously (30) . LiCl (5 M) extractions of cells and supernatant fractions were also obtained as described previously (30) . Prior to loading the gels for SDS-PAGE, all samples were boiled for 5 min. Proteins were transferred to nitrocellulose, blocked, and then probed with an anti-His 5 monoclonal antibody (Qiagen, Hilden, Germany) at 1 in 1,000 dilution. Following washes, the membrane was incubated with rabbit anti-mouse-horseradish peroxidase conjugate (Dako, Glostrup, Denmark). The bound antibodies were detected using the HRP chemiluminescence kit (Roche, Mannheim, Germany). To estimate levels of His 6 proteins in extracts, various amounts of His 6 -labeled protein markers (Qiagen, Glostrup, Denmark) were included alongside the samples. These markers have known quantities of His 6 -containing proteins in each band, allowing densitometry to be done on films using the TotalLab package (version 1.11; Phoretix, Newcastle upon Tyne, United Kingdom). For detection of E-cadherin a mouse monoclonal anti-human E-cadherin antibody (from clone HECD-1; Zymed Laboratories Inc.) was used at a concentration of 1 in 750. The accessibility of the His 6 epitope on whole cells was done the same as that described previously (30). 
RESULTS
Identification and characterization of an abundant protein from the L. fermentum BR11 culture supernatant. L. fermentum BR11 was grown in standing MRS broth at 37°C for 24 h, and fractions were taken at five time points. SDS-PAGE analysis revealed a number of proteins which accumulated in the supernatant during growth (Fig. 1) . The smallest visible protein larger than 20 kDa was still abundant in late stationary phase and was called Sep for small exported protein. To further characterize Sep we identified the N-terminal sequence which was found to be DTIYTVQSGDTLSGI. Using PCR, the sep gene and surrounding regions were amplified and sequenced (see Materials and Methods).
Sep is a 205-amino-acid protein with a 30-amino-acid amino terminal secretion signal giving rise to a predicted 19-kDa mature protein with an isoelectric point of 5.3 ( Fig. 2A) . Sep has greatest overall similarity to proteins from L. reuteri (Lre0018 [35] is 203 amino acids and 92% identical), Enterococcus faecium (Efae0789 is 202 amino acids long and 50% identical), and Streptococcus pneumoniae (SP0107 is 195 amino acids long and 46% identical) (Fig. 2B) . It also has similarity to similarly sized proteins from Lactobacillus plantarum (lp_0304 is 212 amino acids long and 46% identical), Streptococcus agalactiae (gbs2107 is 179 amino acids long and 39% identical), Leuconostoc mesenteroides (Lmes0554 is 212 amino acids long and 36% identical), and Oenococcus oeni (Ooen0238 is 200 amino acids long and 31% identical). All of these proteins contain typical secretion signals and are therefore predicted to be extracellular. Interestingly, there is also localized high similarity between the carboxy termini of Sep and its homologs and the carboxy termini of the recently characterized aggregation-promoting factor (APF) surface proteins (33) from Lactobacillus johnsonii and Lactobacillus gasseri (86% identical over the carboxy-terminal 81 amino acids) ( Fig. 2A and B) .
A search of the NCBI conserved domain database revealed a match with the amino-terminal 34 to 80 amino acids of Sep (amino acids 4 to 50 of mature Sep) and the pfam01476 LysM domain (E ϭ 3 ϫ 10 Ϫ7 ) ( Fig. 2A and C) . LysM or lysin motif domains are close to 40 amino acids in length, are found in a number of peptidoglycan-degrading enzymes, and are thought to function as peptidoglycan binding domains (3). The aminoterminal LysM domain is present in the proteins likely to be true homologs of Sep but is not present in the related but distinct APF proteins (Fig. 2B) .
In the course of this study, we recognized that the conserved features of LysM domains display a close similarity to the conserved features of the YG repeat units found in the carbohydrate or cell wall binding domains of streptococcal glucosyltransferases and glucan binding proteins, Clostridium difficile toxins and the S. pneumoniae Psp surface proteins (7, 34, 36) . YG repeats are 20 to 21 residues in length and conform to the consensus sequence (N/D/Gϫ4)(AroAro)YXXXXGXXHyd XSpX(HydHydHyd) where X represents a poorly conserved residue; (N/D/Gϫ4) represents four residues enriched for N, D, and G; (AroAro) represents two residues of which at least one is aromatic; Hyd represents a hydrophobic residue; and (HydHydHyd) represents three residues of which at least one but more usually two are hydrophobic. The YXXXXGXXHyd motif is normally very highly conserved although in the case of C. difficile toxins, the conserved G is less conserved than in the other sequences and is often replaced by the polar residue S, N, or T. The LysM consensus sequence possesses the YXXXX GXXHyd motif (Fig. 2C) , and it appears that the LysM domain is a variant or subgroup of the broader family of YG repeats. Sep and its homologs are unusual in that they contain a LysM domain at their amino termini and a YG sequence that is not specifically related to the LysM domain at their carboxy termini (Fig. 2B ). This suggests that these molecules have two different binding functions. In contrast, the APF proteins possess only the carboxy-terminal YG repeat.
Upstream of sep and in the same orientation is an open reading frame which encodes a protein similar to predicted hydrolases of the HAD superfamily, including lp_2759 from L. plantarum (45% identical over 118 amino acids). There is no putative transcription terminator between this open reading frame and sep, indicating that these genes may be cotrans- epitope had been inserted between the secretion signal and the amino terminus of the mature protein (Fig. 3A) . Both the Sep and BspA secretion signals were used; the extra amino acids added onto the mature N termini of Sep in the Sep-6xHis-Sep construct were DTIYTDHHHHHHSAAGSR, and those in the BspA-6xHis-Sep construct were ASDDVHHHHHHSAA GSR.
Protein extracts from culture supernatant or cell fractions from strains containing the Sep-6xHis-Sep and the BspA6xHis-Sep constructs were analyzed by Western blot using an anti-His 5 antibody (Fig. 3B) . The predicted molecular mass of the mature His 6 -Sep fusion proteins is 21 kDa, although the bands in Western blots correspond to proteins 28 kDa in size (Fig. 3B) . From Fig. 1 it can be seen that the 19-kDa Sep resolves aberrantly more slowly in SDS-PAGE at 27 kDa. In L. fermentum containing the Sep-6xHis-Sep and the BspA-6xHis-Sep constructs, the Sep fusion protein was found predominantly in the supernatant at levels of ϳ2 mg per liter of culture in both cases. Levels of the Sep fusion protein in the SDS cell extracts for L. fermentum containing the Sep-6xHis-Sep and BspA-6xHis-Sep constructs were ϳ9 and ϳ13% of that found in the supernatants, respectively. No Sep fusion protein was detected in sonicate or 5 M LiCl extracts. When SDS cell and supernatant extracts were run in neighboring lanes, the Sep fusion protein bands migrated identically on SDS-PAGE (data not shown), which suggests that the Sep fusion protein associated with cells is the mature form and therefore does not contain a signal sequence and is located outside the cytoplasmic membrane.
In L. rhamnosus and L. lactis, levels of Sep fusion protein expressed from the Sep-6xHis-Sep construct were found at concentrations of ϳ200 and ϳ300 g per liter of culture in the supernatant, respectively (Fig. 3B) . Levels of the Sep fusion protein in the SDS cell extracts for L. rhamnosus and L. lactis were Ͻ1 and ϳ10% of that found in the supernatants, respectively. Interestingly a slightly higher molecular weight To examine if Sep is exposed on the cell surface of L. fermentum, a whole-cell enzyme-linked immunosorbent assay for the His 6 epitope was performed as described previously (30) . It was found that the A 405 signal per optical density unit (optical density at 600 nm) of cells obtained for L. fermentum cells containing the BspA-6xHis-Sep construct (0.0302 Ϯ 0.0003) was significantly greater (1.8-fold) than that for L. fermentum BR11 cells (0.0168 Ϯ 0.0007). This result suggests that at least some cell-associated Sep is located in an exposed form in the cell envelope of L. fermentum.
Expression and secretion of an E-cadherin peptide by L. fermentum and L. rhamnosus using Sep or BspA. DNA encoding a human E-cadherin (Ecad) fragment was cloned in frame downstream of DNA encoding either the Sep or BspA secretion signals (Fig. 4A) . The distribution and levels of His 6 -tagged E-cadherin protein were examined by Western blotting (Fig. 4B) . For the L. fermentum strain containing the Sep6xHis-Ecad construct, E-cadherin fusion protein was detected in the SDS cell extract (ϳ370 g per liter of culture) and supernatant (ϳ30 g per liter of culture) from cells grown at 30°C. No E-cadherin fusion protein was detected, however, in extracts from this strain when it was grown at 40°C. For the L. fermentum strain containing the BspA-6xHis-Ecad construct, E-cadherin fusion protein was detected in the supernatant (ϳ30 g per liter of culture) from cells grown at 40°C. For the L. rhamnosus strain containing the Sep-6xHis-Ecad construct, E-cadherin fusion protein was detected in supernatant (ϳ16 g per liter of culture). Buffering of the growth medium has been shown to stabilize heterologous proteins expressed in lactic acid bacteria (19, 27 ). An experiment was performed where L. fermentum containing the BspA-6xHis-Ecad construct was grown to exponential phase in either buffered MRS medium (containing 0.2 M potassium phosphate, pH 6.8) or unbuffered MRS medium, and the level of E-cadherin fusion protein in the supernatant was determined. Surprisingly, no E-cadherin fusion protein was detected in the supernatant of the buffered medium, but the protein was detected at normal levels as mentioned previously in the supernatant of the unbuffered medium (data not shown). The predicted sizes of the two E-cadherin fusion proteins are 25 kDa; however, the protein recognized by the anti-His 5 antibody in the Western blots resolved at ϳ38 kDa. To confirm that this protein is indeed E-cadherin, a mouse monoclonal anti-human E-cadherin antibody was used as the primary antibody in a Western blot. Figure 4B (rightmost blot) shows that the anti-E-cadherin antibody recognized a protein the same size as the protein recognized using the anti-His 5 antibody. The anti-E-cadherin antibody does not recognize proteins found in the supernatant of the parent L. fermentum BR11 strain. Interestingly there is a smaller protein recognized by the anti-Ecadherin antibody but not by the anti-His 5 antibody suggesting that it may be a proteolytically degraded E-cadherin product which does not contain the amino-terminal His 6 epitope.
DISCUSSION
This report describes the identification and characterization of the extracellular protein Sep from L. fermentum BR11. Sep was found predominantly in the supernatant but was also associated with the cell surface of L. fermentum BR11. Examination of the sequence of Sep for cell surface anchoring domains revealed that it does not contain any typical covalent anchoring signals such as cell wall-anchoring LPXTG or lipoprotein LXXC signals but instead does contain a single LysM domain at its amino terminus. LysM domains are typically found repeated a number of times in noncovalently anchored surface proteins such as in the autolysins AcmA (contains three LysM domains) and p60 (contains two LysM domains) of L. lactis and Listeria monocytogenes, respectively (3, 4) . Recently it has been shown that the three carboxyterminal LysM repeats of the AcmA protein bind to peptidoglycan from a variety of gram-positive bacteria and that this binding is hindered by other cell wall constituents, possibly lipoteichoic acid (28) . We identify here that the conserved features of LysM domains display a close similarity to the conserved features of YG units (7, 34, 36) . This is probably not overly surprising since LysM domains and YG repeats are both functionally similar in that they both recognize carbohydrates as ligands.
Thus far, the proteins that have been identified as having the greatest similarity to Sep and sharing the same domain structure were mostly from genome sequences and therefore have yet to be fully studied. Comparisons can, however, be drawn with the recently characterized APF surface proteins of L. johnsonii and L. gasseri (11, 33) . Sep and the APF proteins have very similar carboxy termini (86% over 81 amino acids) but very different amino termini, and unlike Sep, APF does not have an amino-terminal LysM domain. APF was identified originally as one of the most abundant proteins found in the culture supernatant of L. gasseri 4B2 (formally L. plantarum 4B2) and was hypothesized as being involved in cell aggregation (22) . Recent work has since shown that APF proteins are also associated with the cell surface and that overproduction or down-regulation of their synthesis can cause dramatic changes in the bacterial cell shape (11) . We have found that L. fermentum cells containing the BspA-6xHis-Sep construct and L. rhamnosus and L. lactis cells containing the Sep-6xHis-Sep construct did not appear different from the parent strains as examined by light microscopy (data not shown). This suggests that Sep does not have a significant influence on cell shape and also that the different amino termini of Sep and APF probably impart different functions to these two proteins.
The question of how Sep and the APF surface proteins are anchored to the cell surface is as yet unresolved. Interestingly, it was found using Western blot analysis that cell extracts from L. gasseri 4B2 contain a 10-kDa fragment of APF2 that is recognized by carboxy-terminus-specific anti-APF antibodies (11) . This means that a fragment consisting of the carboxyterminal one-third of APF2, which has high similarity to the carboxy terminus of Sep, is associated with the cell and probably mediates the cell surface anchoring. Upon examination of the carboxy terminus of APF proteins, Sep, and Sep homologs, we identified the presence of a YG sequence that is not specifically related to LysM domains. This suggests that the carboxy termini of Sep and its homologs are involved, at least in part, in cell surface anchoring and therefore the amino-terminal LysM domain may function other than to anchor these proteins to the cell surface. Physical properties, including isoelectric point, may affect nonspecific cell surface anchoring properties and extractability of the Sep and APF surface proteins. The APF proteins (pI ϳ9) are much more positively charged than Sep (pI 5.3) and therefore may be able to interact electrostatically with the negatively charged cell envelope teichoic acid. Consistent with this, cell-bound APF proteins can be extracted from whole cells using 5 M LiCl (33), while cellbound Sep cannot be extracted in detectable levels from whole cells using 5 M LiCl. Other Lactobacillus surface proteins which have high isoelectric points and can be selectively extracted using 5 M LiCl include S-layer subunits (pI Ͼ 9) and BspA (pI 10.6).
Sep was tested as a potential heterologous peptide fusion partner in the native host L. fermentum as well as foreign hosts, L. rhamnosus and L. lactis. The Sep fusion protein was found predominantly in the supernatant in all three hosts. It is possible that cell-associated Sep fusion protein was not efficiently removed using the extraction methods or that the His 6 epitope in the Sep fusion protein was more prone to proteolytic degradation when closely associated with the cell envelope. Expression of His 6 -Sep from the Sep-6xHis-Sep construct in L. rhamnosus and L. lactis suggests that an active promoter is located in the 625-bp DNA upstream of sep. This result also shows that the Sep secretion signal is efficiently recognized in lactobacilli and Lactococcus. To our knowledge this is the first report of the expression and secretion of a heterologous protein in the probiotic strain L. rhamnosus GG. This strain has been shown to have health-promoting properties and is currently marketed as an active ingredient in a number of commercial foodstuffs (1) . The results obtained here describe tools which can be used to drive expression and secretion of heterologous proteins in this organism and therefore have potential for the development of orally delivered recombinant proteins of interest.
Sep or BspA was shown to direct the expression and secretion of the human E-cadherin amino-terminal region (amino acids 1 to 216 of the mature protein) in L. fermentum or L. rhamnosus. The amino terminus of this protein has been shown to be the major intestinal cell receptor for the food-borne disease causing pathogen L. monocytogenes (13, 17) and therefore may have potential as an intestinal L. monocytogenes attachment-inhibiting therapeutic. Recently a recombinant Ecadherin peptide (amino acids 1 to 192) expressed and purified from E. coli was shown to inhibit the uptake of L. monocytogenes into Caco-2 cells (6). We calculated that L. fermentum secreted significantly lower levels of E-cadherin fusion protein than Sep fusion protein. The reason for the low level of Ecadherin detected in the supernatant of L. fermentum is not known; however, the presence of multiple bands detected by the anti-E-cadherin antibody suggests that this protein is susceptible to proteolytic degradation. Indeed we have found that this E-cadherin fragment is proteolytically degraded when fused to the carboxy terminus of BspA (data not shown). In the future, experiments to stabilize this protein in culture supernatants could be investigated.
